The Myc transcription factor is an essential mediator of cell growth and proliferation through its ability to both positively and negatively regulate transcription. The mechanisms by which Myc silences gene expression are not well understood. The current model is that Myc represses transcription through functional interference with transcriptional activators. Here we show that Myc binds the corepressor Dnmt3a and associates with DNA methyltransferase activity in vivo. In cells with reduced Dnmt3a levels, we observe specific reactivation of the Myc-repressed p21Cip1 gene, whereas the expression of Myc-activated E-boxes genes is unchanged. In addition, we find that Myc can target Dnmt3a selectively to the promoter of p21Cip1. Myc is known to be recruited to the p21Cip1 promoter by the DNA-binding factor Miz-1. Consistent with this, we observe that Myc and Dnmt3a form a ternary complex with Miz-1 and that this complex can corepress the p21Cip1 promoter. Finally, we show that DNA methylation is required for Myc-mediated repression of p21Cip1. Our data identify a new mechanism by which Myc can silence gene expression not only by passive functional interference but also by active recruitment of corepressor proteins. Furthermore, these findings suggest that targeting of DNA methyltransferases by transcription factors is a wide and general mechanism for the generation of specific DNA methylation patterns within a cell.
The Myc transcription factor is an essential mediator of cell growth and proliferation through its ability to both positively and negatively regulate transcription. The mechanisms by which Myc silences gene expression are not well understood. The current model is that Myc represses transcription through functional interference with transcriptional activators. Here we show that Myc binds the corepressor Dnmt3a and associates with DNA methyltransferase activity in vivo. In cells with reduced Dnmt3a levels, we observe specific reactivation of the Myc-repressed p21Cip1 gene, whereas the expression of Myc-activated E-boxes genes is unchanged. In addition, we find that Myc can target Dnmt3a selectively to the promoter of p21Cip1. Myc is known to be recruited to the p21Cip1 promoter by the DNA-binding factor Miz-1. Consistent with this, we observe that Myc and Dnmt3a form a ternary complex with Miz-1 and that this complex can corepress the p21Cip1 promoter. Finally, we show that DNA methylation is required for Myc-mediated repression of p21Cip1. Our data identify a new mechanism by which Myc can silence gene expression not only by passive functional interference but also by active recruitment of corepressor proteins. Furthermore, these findings suggest that targeting of DNA methyltransferases by transcription factors is a wide and general mechanism for the generation of specific DNA methylation patterns within a cell.
Introduction
The c-Myc (Myc) protein is an important regulator of many cellular processes, including growth, proliferation, differentiation and apoptosis (Pelengaris et al, 2002) . These diverse cellular functions of Myc are closely tied to its ability to both activate and repress transcription (Pelengaris et al, 2002) . Transcriptional activation by Myc occurs via dimerization with its partner Max and direct binding to specific DNA sequences, termed E-boxes. Myc stimulates gene expression in part at the level of chromatin, through its association with the cofactor TRRAP, thereby recruiting histone acetyltransferases such as GCN5 and Tip60 Levens, 2003) . Myc directly binds and stimulates the expression of a very large population of E-boxes containing genes (Levens, 2003) .
In contrast to transcriptional activation by Myc, the mechanisms by which Myc silences gene expression are less well understood. An increasing number of target genes repressed by Myc have been identified, including the cyclindependent kinase inhibitors p21Cip1, p15Ink4b, p27Kip1 as well as genes involved in cellular differentiation and metabolism (Eisenman, 2001; Wanzel et al, 2003) . Genes repressed by Myc do not seem to involve its direct association to DNA, but rather Myc is recruited to core promoters through protein-protein interactions with positively acting transcription factors, such as TFII-I (Roy et al, 1993) , NF-Y (Izumi et al, 2001) , and Miz-1 (Peukert et al, 1997) . The current model for Myc-mediated gene silencing is that Myc associates with these activators and passively interferes with their transactivation function. The most convincingly demonstrated mechanism of functional interference by Myc is through its interaction with the Miz-1 transcription factor. Several studies have shown that Miz-1 binds and activates promoters of several genes, including p21Cip1 and p15Ink4b, and that transactivation by Miz-1 can be negatively regulated by its association with Myc (Seoane et al, , 2002 Staller et al, 2001; Herold et al, 2002; van de Wetering et al, 2002) . This is likely due, at least in part, because Myc competes with the coactivator p300 for binding to Miz-1 . In addition to functional interference with trancriptional activators, whether other mechanisms are involved in Myc-mediated gene silencing remains to be demonstrated.
DNA methylation at CpG dinucleotides is the major epigenetic modification in mammals and is known to be associated with transcriptional repression. This gene-silencing function can be related to the essential role played by CpG methylation for normal mammalian development (Jaenisch and Bird, 2003) . The occurrence of DNA methylation within the genome is not random, but rather patterns of methylation are generated that are gene and tissue specific (Bird, 2002) . How are DNA methylation patterns established is still poorly understood. Mechanistic insights into that question have begun to come from the characterization of the enzymesthe DNA methyltransferases-that generate methylation patterns. Three active DNA CpG methyltransferases, Dnmt1, Dnmt3a, and Dnmt3b, have been identified in mammals (Bestor et al, 1988; Okano et al, 1998) . Whereas Dnmt3a and Dnmt3b have been shown to be required for de novo methylation (Okano et al, 1998 (Okano et al, , 1999 ), Dnmt1 appears to function primarily as a maintenance methyltransferase, restoring methylated cytosines following DNA replication (Leonhardt et al, 1992) . Several studies have shown that Dnmts can act as corepressors to silence gene expression, in part through their association with histone deacetylases (Fuks et al, 2000 (Fuks et al, , 2001 Robertson et al, 2000; Bachman et al, 2001) , that help maintain chromatin in a compacted and silent state. DNA methyltransferases have little intrinsic sequence specificity beyond CpG dinucleotide (Yoder et al, 1997) , and therefore other parameters are likely to be required to target their enzymatic activities to preferred genomic loci. It has been proposed that Dnmts may be directed by alterations in the chromatin structure, whereby chromosomal regions would not be equally accessible to Dnmts (Bird, 2002; Burgers et al, 2002) . Consistent with this notion, studies of two SNF2 family helicases, ATRX and Lsh2, have shown that mutants of these enzymes decrease CpG methylation (Gibbons et al, 2000; Dennis et al, 2001 ). In addition, findings in Neurospora, Arabidopsis and more recently in mammals have shown that histone methylation at Lys9 of H3, which is associated with gene silencing, facilitates DNA methylation (Tamaru and Selker, 2001; Jackson et al, 2002; Lehnertz et al, 2003) . Thus, chromatin modification or remodelling proteins could be needed for recruitment of Dnmts to particular loci. Another explanation to account for the varying DNA methylation patterns could involve a CpG methylation-targeting mechanism steered by sequence-specific binding proteins. Evidence for this mechanism has come from recent work showing an association of Dnmts with the oncogenic transcription factor PML-RAR, which binds to the RARb promoter and thereby recruits Dnmts to methylate and silence the targeted promoter (Di Croce et al, 2002) .
In the present study, we report that Myc silences transcription by recruiting a DNA methyltransferase corepressor. We found that Myc associates with the Dnmt3a enzyme and targets its activity, through the DNA-binding protein Miz-1, to the p21Cip1 promoter. Recruitment of Dnmt3a by Myc leads to methylation and silencing of the targeted p21Cip1 gene. These data define a previously unrecognized pathway for Myc-mediated repression. In addition, our work sheds light on the poorly understood mechanisms by which specific CpG methylation patterns are established by DNA methyltransferases.
Results
Myc interacts with the corepressor Dnmt3a and associates with DNA methyltransferase activity The mechanisms by which Myc silences gene expression remain unclear. Several studies indicate that Myc acts as a transcriptional repressor, at least in part, through its functional interference with transcriptional activators bound to different DNA sequences (Eisenman, 2001; Wanzel et al, 2003) . In the present work, we considered whether Mycmediated repression might in addition include an active mechanism involving the recruitment of corepressors. By means of an in vitro gluthatione S-transferase (GST) pulldown assay, we found that in vitro translated (IVT) and radiolabelled full-length Myc bound to the DNA methyltransferase Dnmt3a fused to GST ( Figure 1A , left panel, lanes 4 and 5). Residues encompassing the conserved PHD-like motif of Dnmt3a were involved in the association with Myc ( Figure 1A , left panel, lanes 4 and 5). In contrast, Myc failed to bind to the control GST alone or to the extreme N-terminal and C-terminal parts of Dnmt3a ( Figure 1A , left panel, lanes 2, 3 and 6, respectively). We performed the reciprocal experiment using IVT full-length Dnmt3a and various GST fragments spanning the Myc protein. Figure 1A (right panel) shows that residues encompassing the conserved MBI and MBII domains of Myc contributed to its interaction with Dnmt3a.
To further validate the interaction between Myc and Dnmt3a, we used a coimmunoprecipitation approach. We cotransfected mammalian U2OS cells with vectors expressing full-length Myc tagged with HA and full-length Dnmt3a tagged with GAL4, and analyzed the cell lysates by immunoprecipitation using an antibody against GAL4 (for Dnmt3a), followed by Western blotting with an antibody against HA (for Myc). Figure 1B (left panel) indicates that Myc interacts with Dnmt3a (lane 1), whereas no precipitate was detected after transfection of either HA-Myc or GAL4-Dnmt3a alone (lanes 2 and 3, respectively). The reverse experiment, that is immunoprecipitation of HA-Myc followed by Western blotting for GAL4-Dnmt3a, also allowed specific association between the proteins ( Figure 1B, right panel) . The interaction between Myc and Dnmt3a can also be demonstrated in untransfected cells. In this experiment, an immunoprecipitate obtained with Dnmt3a-specific antibody was shown to contain Myc ( Figure 1C , upper left panel, lane 1). As controls, no precipitation of Myc was observed using an unrelated CREB1 antibody ( Figure 1C , upper left panel, lane 2). The presence of Dnmt3a or CREB1 in immunoprecipitates was visualized by Western blotting using anti-Dnmt3a or anti-CREB1, respectively ( Figure 1C , bottom left panel). The reverse endogenous coimmunoprecipitation of Dnmt3a with Myc was also observed ( Figure 1C , right panel).
The binding of Myc to Dnmt3a led us to expect that Myc would be associated with DNA methyltransferase activity. To test this, we evaluated whether antibodies against Myc could immunoprecipitate DNA methyltransferase activity from untransfected cells. As shown in Figure 1D , immunoprecipitation of endogenous Myc from HeLa nuclear extracts with anti-Myc antibodies purified significant amount of DNA methyltransferase activity (lane 2), whereas control immunoprecipitation with antibodies against another nuclear protein (PLZF; lane 1) showed background activity. The Dnmt enzymatic activity bound to Myc is provided by Dnmt3a. Indeed, when Myc fused to GST was incubated with bacterially expressed and active Dnmt3a followed by Dnmt enzymatic assay, Myc associated with Dnmt3a methyltransferase activity ( Figure 1E ). The Myc-associated enzymatic activity could also be due to Dnmt3b but not to Dnmt1, since, using a coimmunoprecipitation approach, we found that Myc coimmunoprecipitated with Dnmt3b but not with Dnmt1 after cotransfection into mammalian cells (see Supplementary  Figure 1 ). Taken together, these data indicate that endogenous Myc binds to the Dnmt3a enzyme and is associated with DNA methyltransferase activity in vivo. Input ( Dnmt3a specifically silences the Myc-repressed p21Cip1 gene As Dnmt3a functions as a transcriptional corepressor (Bachman et al, 2001; Fuks et al, 2001) , we next investigated whether Dnmt3a could act together with Myc to silence gene expression. We chose the p21Cip1 gene as a Myc-inhibited gene because it is a bona fide Myc-repressed target (Coller et al, 2000; Herold et al, 2002; Seoane et al, 2002) and it is known that its expression can be downregulated by DNA methylation (Allan et al, 2000; Zhu et al, 2003) . Figure (Figure 2A , right panel, lane 5) was simply due to increased expression of Myc protein levels after cotransfection of Dnmt3a. However, this is not the case, as shown by Western blotting of Myc protein after transfection of either high or low levels of Myc, in the presence or absence of Dnmt3a ( Figure 2A , bottom panel). Together, these results suggest that Dnmt3a can act as a corepressor with Myc on the p21Cip1 promoter.
To establish whether endogenous Dnmt3a regulates the Myc-repressed p21Cip1 gene in vivo, we treated U2OS cells with a previously characterized Dnmt3a antisense oligonucleotide inhibitor (Robert et al, 2003) . Quantitative real-time PCR analysis indicated that messenger RNA (mRNA) Dnmt3a levels were markedly decreased in cells treated with Dnmt3a antisense compared to mismatch control ( Figure 2B , left panel). Similarly, Western blot analysis after treatment with Dnmt3a antisense showed specific depletion of Dnmt3a protein levels, whereas Dnmt3b or Dnmt1 protein levels were not affected ( Figure 2B , left panel). As shown in Figure 2B (right panel), p21Cip1 mRNA levels were significantly elevated in the cells with reduced Dnmt3a levels. In contrast, the expression levels of ODC and NM23-H2, two E-box genes that are activated by Myc (Bello-Fernandez et al, 1993; Schuhmacher et al, 2001) , were unchanged. The expression of S26, which is not regulated by Myc, was also not affected. Together, these data demonstrate that Dnmt3a is a specific repressor of the Myc-repressed p21Cip1 gene in vivo.
Myc targets Dnmt3a to the p21Cip1 promoter
We next asked whether Dnmt3a could be recruited by Myc to p21Cip1. To test this, we performed chromatin immunoprecipitation experiments (ChIPs), first on cells transfected with either the p21Cip1 promoter, and Dnmt3a alone, or in combination with an expression vector for HA-tagged Myc. We used primers located within the p21Cip1 proximal promoter region as it is the region recognized by Myc (Herold et al, 2002; Seoane et al, 2002; van de Wetering et al, 2002) . Figure 3A shows that, in the presence of overexpressed Myc, Dnmt3a can bind to p21Cip1 (lane 2), whereas in the absence of exogenous Myc, Dnmt3a did not bind to the p21Cip1 proximal promoter (lane 6).
The above-mentioned ChIP data were obtained in transfected cells and may be considered as an artificial system. Thus, we next determine whether recruitment of Dnmt3a by Myc could also be observed from untransfected cells. To this end, we tested in ChIP assays the well-characterized c-myc knockout rat fibroblasts (c-mycÀ/À) and their wildtype counterparts (c-myc þ / þ ) (Mateyak et al, 1997) . In c-myc þ / þ cells, the p21Cip1 proximal promoter is bound by Dnmt3a ( Figure 3B, lane 2) . However, in c-mycÀ/À cells, Dnmt3a binding is significantly reduced (Figure 3B, lane 6) . Similar ChIPs on the albumin promoter, to which Myc does not bind (Zeller et al, 2001 ), show no Dnmt3a binding ( Figure 3B, lower panel) . Consistent with data presented in Figure 2B , the Myc-activated E-box promoters, ODC and NM23-H2, associated with Myc in c-myc þ / þ cells but not with Dnmt3a ( Figure 3C ). Collectively, these data strongly suggest that Myc targets Dnmt3a selectively to the p21Cip1 promoter.
Myc and Dnmt3a corepress p21Cip1 promoter through association of Myc with Miz-1 Recent data indicated that Myc does not bind directly to the p21Cip1 proximal promoter but is recruited through its association with the DNA-binding protein Miz-1 (Herold et al, 2002; Seoane et al, 2002; van de Wetering et al, 2002) . We therefore asked whether Miz-1 could be the factor that targets Myc and Dnmt3a to silence p21Cip1 expression. To test this idea, we first determined whether Dnmt3a can associate with Miz-1. As shown in Figure 4A , when Miz-1 and GAL4-tagged Dnmt3a expression vectors were transiently transfected in mammalian cells, we detected an interaction after immunoprecipitation with anti-GAL4 antibody, followed by Western blotting with an Miz-1-specific antibody. Dnmt3a also coimmunoprecipitated with Miz-1 in untransfected cells ( Figure 4B ). Further, immunoprecipitation of endogenous Miz-1 with anti-Miz-1 antibody purified significant DNA methyltransferase activity from HeLa nuclear extracts ( Figure 4C , lane 2), whereas control immunoprecipitation using an irrelevant antibody (PLZF) gave background activity ( Figure 4C , lane 1). These results indicate that Miz-1 can interact with the Dnmt3a DNA methyltransferase, consistent with its ability to associate Figure 4 Myc corepresses p21Cip1 promoter together with Dnmt3a through association with the DNA-binding protein Miz-1. (A) U2OS cells were transfected with GAL4-Dnmt3a and/or Miz-1. Cell extracts were then precipitated with anti-GAL4 antibody followed by Western blotting using a specific anti-Miz-1 antibody. Expression levels of the different proteins in the inputs were verified by Western blotting using anti-GAL4 or anti-HA antibodies (Input controls). (B) Miz-1 coimmunoprecipitates with Dnmt3a from untransfected cells. HeLa nuclear extracts were immunoprecipitated using anti-Dnmt3a, anti-CREB1 (used as negative control) or the beads only. Precipitated were blotted with a Miz-1 antibody. (C) Endogenous Miz-1 purifies DNA methyltransferase activity from HeLa nuclear extracts. (D) Myc binds directly to Dnmt3a, whereas Miz-1 only weakly binds directly to Dnmt3a. GST-Myc 1-204, GST-RP58, used as positive control (Fuks et al, 2001) or GST-Miz-1 were incubated with bacterially expressed His-Dnmt3a, followed by Western blotting using anti-His antibody. Coomassie stain gel show the input of GST fusion proteins used. (E) Myc mediates the interaction of Dnmt3a with Miz-1. U2OS were transfected with limited amount of GAL4-Dnmt3a and Miz-1 in the presence (lanes 3-6) or absence (lanes 2, 7 and 8) of increasing levels of Myc (1-4 mg). After immunoprecipitation of GAL4-Dnmt3a with anti-GAL4, Western blotting was performed using anti-Miz-1 antibody. (F) Myc increases the association of Miz-1 with Dnmt3a enzymatic activity. DNA methyltransferase assays were performed using immobilized-GST-Miz-1 and bacterially expressed and active Dnmt3a, in the presence or absence of bacterially expressed His-Myc. (G) Corepression of p21Cip1 by Myc and Dnmt3a requires binding of Myc to Miz-1. Upper panel: Representation of Myc wt or the Myc mutant (MycV394D; unable to bind to Miz-1 and that lost Miz-1-dependent repression) (Herold et al, 2002) . GST pull-downs using GST-Dnmt3a 490-592 and IVT Myc wt or Myc mut show that the Myc mutant still retains binding to Dnmt3a. Lower panel: U2OS were transfected with p21Cip1-Luc reporter and, as indicated, with limited amount of Dnmt3a and either Myc wt or the Myc point mutant.
with DNA methyltransferase activity in vivo. The Dnmt enzymatic activity bound to Miz-1 is provided by Dnmt3a ( Figure 4F , see below) and also likely by Dnmt3b, but not Dnmt1. Indeed, coimmunoprecipitations after cotransfection into mammalian cells indicated that Miz-1 binds to Dnmt3b whereas Dnmt1 did not (see Supplementary  Figure 2 ).
Several observations indicate that the interaction of Miz-1 with Dnmt3a is indirectly mediated by the binding of Dnmt3a to Myc. First, we performed a direct interaction assay by producing Dnmt3a, Myc, and Miz-1 as recombinant proteins in Escherichia coli. As shown in Figure 4D , GSTMyc bound histidine-tagged Dnmt3a (lane 2), whereas GSTMiz-1 (lane 4) did not or weakly. We used GST fused to the RP58 protein, a protein known to bind directly to Dnmt3a (Fuks et al, 2001) , as a positive control (lane 3). Thus, Myc contacts Dnmt3a directly, while Miz-1 seems not. Second, similar coimmunoprecipitations as described in Figure 4A were performed, this time by transfecting limiting amounts of Miz-1 and GAL4-Dnmt3a, which resulted in only weak interaction between the two proteins ( Figure 4E , lane 2). Overexpression of increasing amounts of Myc together with Miz-1 and GAL4-Dnmt3a strongly enhanced the association of Miz-1 with Dnmt3a ( Figure 4E , lanes 3-6). As we cannot exclude that Miz-1 could weakly bind directly to Dnmt3a ( Figure 4D , lane 4), it was possible that this enhanced Miz-1-Dnmt3a interaction was simply due to Myc expression increasing Dnmt3a levels. However, this possibility is unlikely since overexpression of Myc did not affect levels of Dnmt3a protein (Supplementary Figure 3) . Following Dnmt3a-Miz-1 immunoprecipitation, we detected the presence of Myc by Western blotting using anti-Myc antibody (data not shown). Thus, these results suggest that Miz-1, Myc, and Dnmt3a can form a ternary complex. Next, and along the same line, DNA methyltransferase assays were performed using immobilized bacterially expressed GST-Miz-1 and recombinant Dnmt3a as a source of Dnmt enzyme, in the presence or absence of recombinant Myc. As shown in Figure 4F , addition of Myc significantly increased the association of Miz-1 with Dnmt3a enzymatic activity. This observation is consistent with coimmunoprecipitations presented in Figure 4E and suggests the formation of a trimeric Miz-1-Myc-Dnmt3a complex.
We then tested whether this ternary complex is involved in p21Cip1 transcriptional silencing. For this, we performed corepression assays similar to those described in Figure 2B , using a point mutant of Myc (Myc mut) that is deficient in binding to Miz-1 and thereby unable to repress p21Cip1 (Herold et al, 2002) , while it still retains binding to Dnmt3a ( Figure 4G, upper panel) . Figure 4G (lower panel) shows that, while cotransfection of Dnmt3a together with Myc wt increased p21Cip1 inhibition in a cooperative manner (lane 5), coexpression of Dnmt3a along with the Myc point mutant strongly impaired the repression of p21Cip1 (lane 6). These results strongly suggest that corepression of p21Cip1 promoter activity by Dnmt3a and Myc is dependent on interaction of Myc with Miz-1.
DNA methylation participates in Myc-mediated silencing of p21Cip1
Having shown that Myc binds the Dnmt3a DNA methyltransferase and that the latter silences p21Cip1 expression, we next set out to establish whether DNA methylation was required for Myc to repress p21Cip1. To test this possibility, we first asked whether the repression mediated by Myc on p21Cip1 promoter linked to the luciferase gene could be relieved by the addition of the DNA methylation inhibitor 5-azacytidine (5-AZC). As shown in Figure 5A , the repressive effect observed with Myc on reporter activity was substantially relieved in cells treated with 5-AZC. As 5-AZC is a broadspectrum DNA methyltransferase inhibitor, we used a point mutant of Dnmt3a that abolishes its enzymatic activity (Hsieh, 1999) and found that, as compared to wild-type Dnmt3a, the mutant is unable to repress the p21Cip1 promoter in cooperation with Myc ( Figure 2A, right panel, lane 6) .
The effect of 5-AZC on Myc-mediated silencing of p21Cip1 was verified in vivo by monitoring the expression of p21Cip1 in wild-type and knockout Myc rat fibroblasts that were treated or not with 5-AZC. RNA isolated from each cell type was reverse transcribed and amplified by polymerase chain reaction (RT-PCR). Figure 5B shows that, in the c-myc þ / þ cells, p21Cip1 mRNA levels were elevated when cells were treated with 5-AZC, whereas the drug had no effect on the expression of an unrelated housekeeping gene, GAPDH. In contrast, in the c-mycÀ/À cells, the level of p21Cip1 mRNA was not affected by the addition of 5-AZC ( Figure 5B ). Reintroduction of Myc into knockout Myc cells (c-mycÀ/À þ Myc) decreased p21Cip1 expression to a similar low level as observed in the parental c-myc þ / þ cells, while 5-AZC treatment caused its re-expression ( Figure 5B ). These data strongly suggest that silencing of p21Cip1 by DNA methylation requires the presence of Myc. To confirm these observations and since 5-AZC can have pleiotropic effects (Christman et al, 1985) , we next carried out bisulphite genomic sequencing to compare the methylation status of p21Cip1 proximal promoter between c-myc þ / þ and c-mycÀ/À cells. Figure 5C indicates that several CpGs located within the p21Cip1 proximal promoter showed differential methylation between c-myc þ / þ and c-mycÀ/À cells (CpGs situated outside this cluster region did not show significant difference in methylation status; data not shown). Further, c-mycÀ/À cells in which Myc expression had been restored (c-mycÀ/À þ Myc) gained methylation of p21Cip1, thus confirming that the presence of Myc is needed, at least in part, for DNA methylation of p21Cip1 proximal promoter. These observations do not seem to be restricted to Rat1 fibroblasts as U2OS cells, which express Myc (data not shown), also show methylation of p21Cip1 promoter ( Figure 5D ).
Discussion
Myc silences transcription by active recruitment of DNA methyltransferase corepressor Recent studies indicate that transcriptional silencing by Myc significantly contributes to most of its biological functions; yet, the details underlying this process are still unclear. To date, Myc-mediated gene repression is known to involve a passive mechanism through interference with transcriptional activators (Eisenman, 2001; Wanzel et al, 2003) . Here, we report a new mechanism by which Myc silences gene expression through recruitment of the Dnmt3a corepressor to a promoter, thereby leading to subsequent DNA methylation and silencing of the targeted promoter.
On Myc-repressed genes, Myc does not seem to bind directly to DNA but rather is recruited through proteinprotein interaction with other transcription factors. As mentioned above, in the case of the p21Cip1 gene, recent studies demonstrated that Myc binds to p21Cip1 promoter through its association with the DNA-binding factor Miz-1 (Herold et al, 2002; Seoane et al, 2002; van de Wetering et al, 2002) the corepressor Dnmt3a to Miz-1. These two mechanisms could be particularly important to keep tight control over p21Cip1 regulation. The ability of Myc/Miz-1 to deliver methyltransferase activity may be relevant for any gene silenced by the Myc/Miz-1 complex. Thus, repression of the p15ink4b gene, a known Myc/Miz-1 target Staller et al, 2001) which is regulated by DNA methylation (Herman et al, 1996) , may also involve the recruitment of DNA methyltransferase corepressor.
Mechanisms by which DNA methylation is targeted to preferred genomic sequences How DNA methyltransferases establish DNA methylation patterns within a cell remains unclear. DNA methyltransferases have little sequence specificity beyond CpG dinucleotide (Yoder et al, 1997) and several mechanisms could be envisaged to explain the regional specificity they exhibit. One possibility could be that chromatin modifications or remodelling proteins are required for targeting Dnmts to particular loci. Studies in Neurospora, Arabidopsis and more recently in mammals revealed that histone methylation at Lys9 of H3 can direct methylation of DNA (Tamaru and Selker, 2001; Jackson et al, 2002; Lehnertz et al, 2003) . In Arabidopsis, the adaptor protein LHP1, which binds with high affinity to histone H3 when methylated at Lys9, was found to interact with the CMT3 DNA methyltransferase (Jackson et al, 2002) . Similarly, in mammals, Dnmts were found to physically associate with HP1 (Fuks et al, 2003a; Lehnertz et al, 2003) . In addition, HP1 was recently reported to be essential for DNA methylation in Neurospora (Freitag et al, 2004) . Hence, it was proposed that histone methylation would influence DNA methylation through the adaptor HP1, which would recruit DNA methyltransferases to CpG that has to be methylated (Jackson et al, 2002; Fuks et al, 2003a; Lehnertz et al, 2003) .
Besides the proposed recruitment of Dnmts by chromatinbased mechanisms, the present work provides evidence that DNA methylation patterns can be regulated by the targeting of Dnmts to particular loci through their association with specific transcription factors. Our finding supports and extends our observations that the PML-RAR transcription factor associates with Dnmts, thereby allowing CpG methylation of its target gene (Di Croce et al, 2002) . The targeting of DNA methyltransferases to specific loci by transcriptional regulators is reminiscent of mechanisms by which chromatinmodifying enzymes establish local changes in chromatin structure to regulate gene expression. Indeed, recruitment to promoters of histone acetyltransferases and deacetylases as well as histone methyltransferases by transcription factors seems to be a common and general strategy to bring their enzymatic activities to targeted genes (Kouzarides, 2002; Kurdistani and Grunstein, 2003) . It is therefore likely that targeting of DNA methyltransferases to precise genes through their interaction with specific transcription factors may be a wide and general mechanism by which DNA methylation is generated at preferred loci.
Materials and methods

Plasmid constructions
We cloned the following sequences by PCR using appropriate sets of primers: full-length Dnmt3a wild-type or catalytic mutant (Hsieh, 1999) , full-length Dnmt1 or Dnmt3b into pcDNA3.1-GAL4, fulllength Dnmt3a wild-type or full-length Myc into pET-30 (Novagen) and Dnmt3a fragments into the vector pGEX (Pharmacia). The following plasmids have been described previously: pGEX-Dnmt3a 286-661, pGEX-Dnmt3a 490-582 and pGEX-RP58 (Fuks et al, 2001) , pGEX-Miz-1 269-803, pGEX-Myc deletion constructs (Hateboer et al, 1993) , pcDNA3-Myc wt and pcDNA3-Myc mut (Myc V394D point mutant deficient in Miz-1 binding) (Herold et al, 2002) , pcDNA3 Miz-1 (Peukert et al, 1997) , pcDNA3-HA-Myc , pBJ Myc ) and p21Cip1-Luc reporter (2.4 kb).
GST fusion and histine-tagged proteins, in vitro translation, pull-down and direct interaction assays Recombinant proteins were expressed in and purified from E. coli Top10 or Bl21 as described (Fuks et al, 2000) . In vitro translation reactions and GST pull-down experiments have been described previously (Fuks et al, 2000) . Dnmt3a, Myc wt or Myc mut were IVT from pcDNA3-GAL4-Dnmt3a, pcDNA3-Myc wt or pcDNA3-Myc mut, respectively. Direct interaction assays were performed as described (Fuks et al, 2001) , using anti-His antibody (H1029, Sigma).
Cell culture, transfections and luciferase assays
Cell lines were maintained in DMEM supplemented with 8% fetal calf serum and grown at 371C, 5% CO 2 . The c-myc þ / þ (TGR1) and c-mycÀ/À (HO15.19) Rat1 fibroblasts (Mateyak et al, 1997) were a generous gift of J Sedivy. The 'c-mycÀ/À þMyc' cells are c-mycÀ/À cells infected, as described , with a pBabe retrovirus expressing Myc. Transfections were performed using polyethylene imine (PEI) (Euromedex) as described previously (Deplus et al, 2002) . Luciferase assays were performed with the Promega luciferase Assay System. Transfection efficiencies were normalized using a cotransfected plasmid encoding for b-galactosidase, which is measured in a b-galactosidase assay kit (Tropix). When used, 5-azacytidine was added 4 h following transfection (2 mM final; Sigma). The results shown are the average of at least three independent experiments with error bars displaying standard deviations.
Antisense treatment and quantitative real-time PCR U2OS were treated for 3 h with 50 nM of the already described 2 0 -Omethylphosphorothioate Dnmt3a antisense or mismatch control oligonucleotides (Robert et al, 2003) , in OptiMEM (Gibco) supplemented with 8.5 mg/ml LIPOFECTAMINE Reagent (Invitrogen). Cells were then incubated for 24 h in complete medium. RNA was extracted by Tripure reagent, reverse-transcribed and analysed by real-time PCR as described (Loriot et al, 2003) . Specific primers and probes for the amplification are available on request. The expression levels of the genes of interest were normalized to the expression level of b-actin. The results shown are the average of three independent experiments with error bars displaying standard deviations. Statistical analyses were carried out using the Wilcoxon-Mann-Whitney test and significance was assigned at Po0.05. For control Western blotting, we used antibodies against Dnmt1 (a gift from S Pradhan), Dnmt3a or Dnmt3b (a gift from E Li) and actin (A5316, Sigma).
Immunoprecipitations and Western blot analysis 293 or U2OS cells were transiently transfected in culture dishes (10 cm diameter) with a total of 6 mg of plasmids as described (Deplus et al, 2002) . Standard procedures were used for coimmunoprecipitations and Western blotting (Deplus et al, 2002) . For endogenous immunoprecipitations, antibodies were incubated with HeLa nuclear extracts (4C Biotech) in IPH buffer (Fuks et al, 2000) at 41C overnight. Antibodies used were against HA (12C5A, Roche), GAL4 (5C1, Santa Cruz), Myc (C33, Santa Cruz), Miz-1 (N17, Santa Cruz), CREB1 (24H4B, Santa Cruz) and Dnmt3a (IMG268; Imgenex).
DNA methyltransferase assay
DNA methyltransferase assays were carried out as described (Fuks et al, 2000) . For immunoprecipitations preceding the DNA methyltransferase assay, we used antibodies from Santa Cruz against: Myc (C33), PLZF (F15) and Miz-1 (N17). For assays using recombinant and active Dnmt3a, we used bacterially expressed Histagged Dnmt3a and immobilized GST-Myc 1-204 or GST-Miz-1 269-803. Where appropriated, eluted His-tagged Myc was also used.
RNA purification and RT-PCR analysis
Rat1 fibroblasts (Mateyak et al, 1997) were treated or not with 5-azacytidine as described before (Allan et al, 2000) . Extraction of total RNA was carried out using Tripure reagent (Roche) according to the manufacturer's instructions. In all, 2 mg of RNA was reversed transcribed using random hexamers (Amersham/Pharmacia Biotech) and SuperscriptII reverse transcriptase (Life Technologies Inc.). PCR was achieved with Taq DNA polymerase (Promega) for 30-35 cycles of amplification.
Chromatin immunoprecipitation (ChIP)
ChIP was performed from either 293 transfected cells (one 6 cm diameter dish) or untransfected rat1 fibroblasts (one 15 cm diameter dish). Cells were crosslinked with formaldehyde (0.75%; Sigma) at room temperature for 10 min. Cells were rinsed twice with ice-cold PBS (pH 7.4) and collected in PBS. ChIPs were then performed essentially as described (Fuks et al, 2003b) . We used anti-HA antibodies (12C5A, Roche), anti-GAL4 (5C1, Santa Cruz) or an unrelated antibody (anti-GFP, ab290, Abcam) in 293 cells, and antiMyc (C33 or N262, Santa Cruz), anti-Dnmt3a (IMG268, Imgenex) or anti-HA (12C5A, Roche) in Rat1 cells. Immunoprecipitated DNA was analysed by PCR for the presence of human p21Cip1 proximal promoter (À427 bp versus start site to þ 16). For rat p21Cip1 proximal promoter, primers from À250 bp versus start site to þ 142 were used. Primers for albumin promoter (Zeller et al, 2001) , and the E-box promoters ODC ) and NM23-H2 , were described previously. The cycle number and the amount of template were varied to ensure that results were within the PCR linear range.
Bisulphite genomic sequencing
Methylation status of the p21Cip1 promoter in Rat1 fibroblasts or U2OS was assessed by bisulphite genomic sequencing. BamHI-or EcoRI-digested genomic DNA (5 mg) from these cells was subjected to sodium bisulphite modification and the p21Cip1 promoter was amplified as described (Di Croce et al, 2002) . The amplified product was subcloned into the pCR2.1 vector by TA cloning (Invitrogen) and sequenced via automated sequencing. Primer sequences for rat p21Cip1 amplification were as follows: sense strand 4149 5 0 -TGGTTTTTATTTGGGTAGTAGTTG-3 0 , antisense strand 4766 5 0 -CCTACCTCCAATTCCCCTTAACTC-3 0 ; sense strand 4163 5 0 -GTAGTA GTTGTTAAAAGGATTTTG-3 0 , antisense strand 4741 5 0 -AACACTAT AACAACTCACACCTCT-3 0 . Primer sequences for human p21Cip1 amplification were as follows: sense strand 5 0 -AAAAGTTAGATT TGTGGTTTATTT-3 0 , antisense strand 5 0 -TCTCACCTCCTCTAAATA CCTC-3 0 ; sense strand 5 0 -GGGAGGAGGGAAGTGTTTTT -3 0 , antisense strand 5 0 -CAACTACTCACACCTCAACTAAC-3 0 .
Supplementary data
Supplementary data are available at The EMBO Journal Online.
